We report on a tunable intense femtosecond mid-infrared (mid-IR) light source carrying orbital angular momentum (OAM). Our setup is based on an optical parametric amplification system with an 800 nm pump shaped with a spiral phase plate. We confirm the anisotropic OAM transfer from the pump to the idler through stimulated difference frequency generation by measuring the diffraction patterns of a triangular aperture illuminated by the signal, pump, and idler beams. The tunability of the setup is demonstrated by performing measurements at 3.0 and 3.6 μm idler wavelengths. This result provides a robust method of controlling OAM in strong field physics and designing secondary sources carrying OAM in the extreme ultraviolet spectral range through high-order harmonics generation. Light beams featuring helicoidal phase fronts have unique properties related to the orbital angular momentum (OAM) they carry [1], making them a one-of-a-kind subject for fundamental and applied investigations. Indeed, they are paradigms for general studies of lightwave singularities [2] and spin-orbit couplings [3] . On applicative standpoints, promising prospects for new forms of spectroscopies are envisioned with these beams, linked to the modifications of the usual transition selection rules [4] . They also offer an unbound observable, forming a basis for photon entanglement and optical communications only limited by the numerical aperture of the optical system [5] . They show exceptional imaging capacities of dislocations [6] . This list of prospects is representative of the majority of envisioned applications of beams with OAM, which is currently mostly limited to the static regime. However, implanting OAM into an intense ultrashort light beam opens a broad range of new possibilities such as time-resolved nonlocal spectroscopy in solids [7] , magnetic sublevel resolved attosecond photoionization time-delay [8], multiphoton ionization [9] , and molecular orientation [10] . It can also extend the generation of an OAM beam to the extreme ultraviolet range through high-harmonic generation (HHG) in gases [11] [12] [13] [14] , suited for investigations of direct one-photon photoionization processes in gases and solids. Despite these promising perspectives, OAM-related effects often remain elusive because the density of angular momentum along the direction of propagation is low. However, this quantity which is directly related to the amount of OAM per unit of linear momentum l∕k [1], where l is the orbital angular momentum and k is the linear momentum, can be enhanced by increasing the OAM or the wavelength keeping the beam waist unchanged. As a result, long wavelengths can be used to enhance the sensitivity of OAM spectroscopy. In addition, since the l∕k ratio is conserved through HHG [12, 13] , this increase of sensitivity can be transferred to extreme ultraviolet (XUV)-OAM spectroscopy by using a mid-infrared (mid-IR) driver. This increase is expected to come along with the ability to generate XUV beams carrying OAM at higher photon energies compared to 800 nm at the same intensity [11] [12] [13] , since the ponderomotive energy of strong field-driven electrons scales as the square of the wavelength, Up ∝ λ 2 [15]. So far, intense femtosecond beams with helicoidal phase fronts are only based on Ti:sapphire, which produces pulses with a central wavelength near 800 nm with limited tunability. Beam-shaping techniques originally developed for continuouswave lasers were adapted to impart OAM on these ultrashort light pulses using, for instance, diffraction on a fork grating [16] [17] [18] [19] and transmission through a spiral phase plate (SPP) [11, 13, 14, [20] [21] [22] [23] [24] . However, intense femtosecond sources carrying OAM have not yet been demonstrated at longer wavelengths or with broad tunability. In particular, the simple SPP method cannot be directly transposed to this regime because of the lack of robust material. For example, two typical materials, Letter
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Our laser system consists of chirped pulse amplification at 800 nm, white light generation, and OPA stages. The 80 fs 800 nm pump with 12 mJ pulse energy is split into five arms. The first beam of 800 nm is used to generate white light in a sapphire plate, while the others drive OPA processes to produce the signal and idler beams. The signal wavelength can be tuned by adjusting the central wavelength of the seed and, as a result, the idler generated by stimulated DFG is tuned from 3 to 4 μm. In Fig. 1 , the SPP is inserted in the 800 nm beam prior to the last OPA stage. We first place the SPP in the pump of the third OPA stage to prove the principle of the OAM transfer right after this stage, and then extend it to the 4th amplification stage for a high-energy option.
OAM anisotropic transfer in stimulated downconversion has been first demonstrated in the optical range with continuouswave lasers [26] . More recently, it has been confirmed in the mid-IR with nanosecond pulses [27] . For beams with spiral phase fronts, OAM is associated with the helicity of the spiral. In nonlinear processes, the conservation of the phase front helicity is the consequence of the conservation of the wave vector imposed by phase-matching:
where the indices p, s, and i, respectively, stand for pump, signal and idler; k is the wavevector; l is the helicity of the phase front associated with OAM; r is the vector position; and e z is a unit vector along the direction of propagation. Since, in Eq. (1), any pair of integers (l s , l i ) summing up to l p is a correct solution, it seems that (l s , l i ) can take a set of different values. This actually turns out to be true in the case of spontaneous parametric downconversion, as confirmed by the seminal work by Mair et al. [25] , where the entanglement of the OAM state of signal and idler photons was first demonstrated. In this case, the OAM transfer is said to be isotropic. Later, OAM conservation in downconversion was confirmed in optical parametric oscillators (OPOs) [27, 28] and in stimulated DFG [26, 29] . In contrast with spontaneous DFG, the OAM transfer is anisotropic in these two cases. In the OPO case, the OAM is transferred to the signal: a mode-order-dependent Gouy phase shift in a half-symmetric cavity favors the buildup of the OAM mode in the signal over the idler. In the stimulated DFG case, the OAM is transferred to the idler: the OAM of the signal is imposed by the seed which keeps its characteristics throughout the amplification process. With this knowledge, two options are opened to generate an idler beam with l i 1 through stimulated DFG. One option is to generate the idler with the seed carrying the OAM and no OAM on the pump, in which case we expect l s ; l i −1; 1. To achieve spectral tunability, a set of SPPs designed for the different wavelengths or a broadband programmable deformable mirror to shape the seed is required. Alternatively, the pump beam for white light generation may carry an OAM, which would transfer directly to the seed [30] at the cost of potentially destructive selffocusing [31] . These two techniques limit the tunability of the setup. For this reason, we turn to the second option. It consists of generating the idler with the pump carrying the OAM and no OAM on the seed resulting in l s ; l i 0; 1. This scheme is more favorable to get "turning knob" tunability. Indeed, it only requires a pump with OAM at a fixed wavelength in the last OPA stage, while the wavelength of the seed, which shows a standard flat wave front, is adjusted independently. For this reason, we choose to insert the SPP in the pump of the last OPA stage. Therefore, expect the OAM to be transferred from the pump to the idler, and the signal to carry l s 0, duplicating the properties of the seed. [20] . The 1030 nm seed with no OAM is amplified in a KTA crystal. The OAM is anisotropically transferred from the pump to the idler. A triangular aperture and a focusing lens are combined to characterize the helicity of the phase front of the pump, signal, and idler beams. The idler is imaged on an Electrophysics PV320 thermal camera. The pump and signal are imaged on a charge-coupled device camera.
The far-field images for a 3.6 μm idler beam obtained with and without the SPP in the pump beam are presented in Fig. 2 . Without the SPP [ Fig. 2(b) ], the beam is a Gaussian mode. With the SPP in the pump [ Fig. 2(d) ], the idler beam profile presents a ring-like structure, with a minimum of intensity in its center. This intensity profile can be linked with either the phase singularity associated with the OAM of the idler or the intensity profile of the pump. Indeed, the DFG process is more efficient in the region of the pump where the intensity is the highest. In particular, although only the phase front of the pump is shaped, the propagation distance between the SPP and the OPA crystal is long enough for the intensity profile of the pump to present a minimum of intensity where the phase singularity is imprinted. As a result, the seed is amplified along the ring-like beam profile of the pump and the signal, as well as the idler, forms a donut shape at the exit of the OPA crystal. However, when propagated, the two beam profiles have very different properties. While the idler keeps its ring shape after propagation, as shown in Fig. 2(d) , the signal does not. Based on the properties of Hankel transform, this is a strong indication that the OAM of the pump is anisotropically transferred from the pump to the idler and that the signal does not gain any OAM in the process.
To confirm these results, we measure the value of the OAM carried by each of the three beams involved in the DFG. Following the work by Hickmann et al. [32] , we place an equilateral millimeter-size triangular slit in each beam after the OPA crystal. Immediately after this aperture, a 400 mm lens is used to reveal the diffraction pattern located at the focal plane of the lens. In Fig. 3 , we illustrate the effects of an elliptical phase front with helicity l on the diffraction pattern from a triangle slit. As reported in Ref. [32] , the diffraction pattern is determined by the evolution of the phase, which contains the topological charge across each edge of the triangle slit. Indeed, a general property of diffraction is that a phase evolution ϕx along a sharp edge is equivalent to add a ∇ϕ wave vector to the diffracted beam. For a phase front with no helicity (l 0) and a spherical phase front; the variations of the phase along each of the three edges of the triangle are even with respect to the middle of the edge. In this case, the diffraction pattern also has even symmetry and is not preferentially shifted in any particular direction in the Fourier plane. As illustrated in Fig. 2(e) , the diffraction of a beam with a flat phase front shows a six-fold symmetry star-like pattern in which the most noticeable feature is an intense central spot. For a beam with a helicoidal phase front of helicity l, the phase across each of the edges monotonically increases. As a result, the central spot observed for l 0 in the Fourier plane is split into three spots, which are displaced from the optical axis. The shift is proportional to the slope of the phase variation in the direct space, and the direction is collinear to the orientation of the edge, in agreement with the addition of a ∇ϕ wave vector to the diffracted beam. The symmetry of the diffraction pattern is reduced from six-fold to three-fold. Since the direction of the shift is determined by the slope of the phase across one edge of the triangle, this technique is sensitive to the magnitude and the sign of l. In Figs. 2(g) and 2 (i), we present numerical simulations based on Fraunhofer diffraction for l 1 and confirm the threefold symmetry and the 180°rotation of the diffraction pattern when the sign of the OAM is flipped.
In the experiment, we first verify that the idler beam produced without SPP in the pump shows the expected six-fold symmetry, as shown in Fig. 2(f ) . We then place the SPP in the pump so that l p 1, and observe a threefold symmetry diffraction pattern [ Fig. 2(h) ] consistent with the simulation of l i 1 in Fig. 2(g) . When the SPP is reversed in the pump to flip the sign of the topological charge, the diffraction pattern [ Fig. 2(j) ] is rotated by 180°as expected. This result also agrees with the simulation of l i −1 in Fig. 2(i) . The imperfect contrast in the fringes of the diffraction pattern can be associated with an imperfect centering of the slit on the donut beam profile, a dependence of the phase front on the radial coordinate, and/or a residue of the l i 0 mode.
To confirm the tunability of our setup, we changed the seed wavelength to 1090 nm so that the idler wavelength is 3.0 μm, and repeat the measurement for l p 1 and l p −1. The results are presented in Fig. 4 . The ring-like beam profile and its diffraction pattern through the triangle slit behave the same as for 3.6 μm. To establish the anisotropy of the OAM transfer, we also measure the diffraction patterns of the pump and the signal. As shown in Fig. 4 , the diffraction patterns observed in the pump and idler beams are consistent with the two beams The output pulse energy of the mid-IR beam with OAM is found to be 10 μJ at the third amplification stage. To produce higher energy pulses, the SPP is inserted in the pump of the fourth amplification stage. We verify that the OAM is transferred to the idler without noticeable degradation of the beam quality by measuring the diffraction patterns. The output pulse energy reaches 250 μJ.
In conclusion, we have demonstrated the generation of hundreds of microjoule tunable mid-IR femtosecond pulses carrying OAM 1. Our measurements confirm the anisotropic transfer of OAM from the pump to the idler in stimulated DFG. Our tunable setup opens new possibilities for tuning the OAM of XUV beams generated through HHG with mid-IR femtosecond pulses, as well as for OAM terahertz pulses generated through DFG. 
